The ground state properties and absorption spectra of N -benzylideneaniline (NBA) have been studied at the density functional (DFT) and at the time-dependent density functional (TD-DFT) level of the theory. The equilibrium geometries of the E and Z isomers in the ground state and their vibrational frequencies have been computed. Furthermore, the excitation energies of the lowest excited singlet and triplet states and the potential energy curves along the torsion and the inversion isomerization coordinates were evaluated. The results are discussed in light of the available experimental data.
The photochemistry of the -CH=N-double bond has been extensively studied in the past [4] . The azomethine group present in rhodopsin plays a central role in the light-driven proton pump process occurring during visual cycle [1] [2] [3] . Furthermore, NBA and its derivatives are currently investigated as molecules with promising non-linear optical properties on account of possible applications in the field of photonics [5] .
NBA is an azomethine that is structurally similar and is isoelectronic with stilbene (CH=CH bond) and azobenzene (N=N bond). In spite of this, the ultraviolet spectrum of NBA is remarkably different from the spectra of azobenzene and stilbene [6, 7] . According to experimental [8, 9] and theoretical studies [10] [11] [12] the main reason for this difference is the non-planar conformation of NBA, which is caused by the conjugation between the aniline ring and the nitrogen lone pair. This is in contrast to the nearly planar structure of the two other isoelectronic molecular systems. The structure and the main geometric parameters of NBA are shown in Fig. 1 .
The non-planarity of NBA is associated with non-zero values of two parameters that define the molecular conformation: the torsion angle (α) about the N-phenyl bond, which has been found to be 55 • in the solid [9] and 52 • in the gas phase by electron diffraction [13] , and the C 7 -C 2 torsion (β), which is 10.3 • [9] in the solid and is assumed to be zero in the gas phase. A Hartree-Fock study indicated that the nonplanar conformation, associated with α = 45 • and β = 0 • , is favoured over the planar one by 6.58 kJ/mol [11] . Since this energy difference is relatively small, the molecular conformation may be altered by small perturbations such as atom substitutions or by the intermolecular interactions provided by a solid phase.
The relation between the non-planar structure and the spectral shape of NBA was supported by the finding that the diffuse reflectance spectrum of NBA in the solid phase, where the molecule is known to be non-planar, is similar to the spectrum observed in solution [14] . On the contrary, the absorption spectrum of di-chloro-benzylideneanilne (DCBA) in the triclinic crystalline polymorph [15] , where it is known to take a planar conformation, resembles the spectra of azobenzene and stilbene. This observation provided the direct proof that the non-planar structure is the cause responsible for the peculiar spectrum of NBA in solution.
The study of E-Z photoisomerization of di-aryl compounds R-CH=CH-R , R-N=N-R and R-N=CH-R , where R and R are aryls, can be useful to tailor molecular devices, based on reversible photochemical reactions, that respond in the desired way to external stimuli. While stilbene isomerizes only by internal rotation about the CH=CH bond, azobenzene and benzylideneaniline may isomerize by N=N or CH=N bond torsion (θ ) and by a mechanism that involves the inversion of the CNN or CNC bond angle (φ) at one of the nitrogen atoms via a semi-linear transition state.
With respect to the thermal (ground state) isomerization, the three compounds differ significantly in the height of the barrier separating the cis (Z) and trans (E) isomers. The experimental barrier heights, which are estimated by kinetic measurements, are 176 kJ/mol for stilbene [16] , 92 kJ/mol for azobenzene [17] and 70 kJ/mol for NBA [18] . Thus, the thermal barrier between the two isomers of NBA is the lowest and the ground state relaxation from the Z form to the E form is quite rapid, with a rate parameter ca. 1 s −1 at room temperature. Hence, the Z isomer can be observed only at low temperatures (ca. 177 K) [19] .
Fischer and co-workers [19] [20] [21] studied the E-Z isomerization of NBA and of a number of NBA analogs and were able to characterize the thermally labile Z isomers. Subsequently, Asano et al. [22] studied the mechanism of thermal E-Z isomerization of NBA and some substituted NBAs by kinetic studies and quantum chemical calculations at the HF/6-31G* and MP2/3-21G level. They suggest that in the S 0 state the inversion path is favoured with respect to the C=N torsion path. In addition, they distinguish two different inversion paths proceeding via the planar (α = 0 • ) and the perpendicular (α = 90 • ) orientation of the A ring (see Fig. 1 ). The theoretical MP2/3-21G value for the perpendicular inversion barrier is found to be 68.5 kJ/mol and the planar inversion barrier is estimated to be 19 kJ/mol higher [22] . The difference between the perpendicular and planar barrier is attributed to the interaction between the nitrogen lone pair and the aryl π electrons, which is stronger in the perpendicular structure. The calculated MP2/3-21G perpendicular inversion barrier for NBA, 68.5 kJ/mol [22] , is quite close to the experimental measure of the barrier height, 70 kJ/mol [18] .
Recently, some of the present authors [23, 24] have studied the photophysical and photochemical properties of azobenzene. Gagliardi et al. [23] have investigated the low lying excited states of azobenzene to ascertain the role of torsion coordinate in the decay of S 2 (π -π * ) and S 1 (n-π * ) states. Cembran et al. [24] have investigated the mechanism of Z-E isomerization in azobenzene at the CASPT2 level and have identified the minimum energy path and the conic intersections relevant to the S 1 state. Both the rotational pathway (along the CNNC torsion angle) and the inversion pathway (NNC angle) of azobenzene were studied. It was found [23, 24] that isomerization on S 1 (n-π * ) proceeds via the torsion pathway, in contrast with the traditional view favouring the inversion pathway.
In the present paper we reconsider the ground state properties of NBA and begin to study the PES of the lower singlet and triplet states in order to clarify its photophysical and photochemical properties. We start by optimizing the molecular structure and by searching for the more favourable isomerization path in the ground state using density functional (DFT) approach [25] [26] [27] [28] [29] . Then, we study the lower excited states energies and their PES along the two possible isomerization coordinates, N=C torsion and the inversion. In this calculation we employ the TDDFT approach [30] [31] [32] , which is accurate for states based on single excitations, and thus is suitable to study the lowest excited states of NBA. In a study of the excited states of azobenzene [23] , the TDDFT approach was found to provide a qualitatively correct picture of the relevant photochemical mechanisms, which was subsequently confirmed by CASSCF/CASPT2 calculations on azobenzene and an azobenzene analog [33] (Conti I, Orlandi G, Rosini G, Garavelli M, to be published). The main purpose of this paper is to assess the role of the inversion (C 7 NC 9 angle) and of the rotation (C 2 C 7 NC 9 angle) paths in the Z-E photoisomerization process of NBA excited in the lowest excited states of singlet and triplet spin multiplicity.
Computational details
The geometries of the Z and E isomers of NBA were optimized without any symmetry constrains at the DFT/B3LYP [25] [26] [27] [28] [29] level of the theory in association with the 6-31G* basis [34] . Vibrational frequencies were evaluated at the DFT/B3LYP level of approximation. For investigations on the alternative isomerization paths we have employed the faster resolution of identity approximation (RI) [35, 36] in Table 1 Most significant geometrical parameters (see Fig. 1 ) of the S 0 and T 1 equilibrium structures and of the S 0 transition state of NBA, calculated at the DFT/B3LYP/6-31G* level association with the BP86 functional [37, 38] . Also the lowest triplet was calculated using the DFT/ B3LYP method. Turbomole version 5.7 [30] [31] [32] was used for the DFT calculations.
Results and discussion

Ground state geometries and vibrational frequencies
The most significant structural parameters, namely the C9-N8, N8-C7 and C7-C2 bond lengths, the θ, α and β torsional angles and the φ inversion angle, of the optimized Z and E isomers of NBA in its ground state, are reported in Table 1 . The same parameters have been optimized also for the S 0 inversion transition state and for the T 1 equilibrium structure.
For the isomer E, the deviation of the optimized C 2 C 7 N 8 C 9 torsion angle (θ ), 177 • , from the ideal 180 • value is tiny (<3 • ).
The optimized C 7 N 8 C 9 C 14 torsion angle α by DFT-B3LYP is about 39 • . The stabilization energy pertinent to the relaxation of α is only 4.4 kJ/mol. Because of the small energy involved, the torsion around the N 8 -C 9 single bond is associated to a low-frequency and large amplitude vibration. It is for this reason that the equilibrium value of α is strongly dependent on the molecular environment as noted before [11] [12] [13] [14] [15] . Furthermore, its experimental determination, even in the gas phase, is subject to some uncertainty and its theoretical value is bound to depend on the method or level of calculation. The present result for this angle, α = 39 • , is qualitatively in agreement with the value α = 45 • reported in Ref. [11] and with the experimental estimate of 52 • obtained by electron diffraction in the gas phase [13] .
The Z isomer is found by DFT-B3LYP to be less stable than the E isomer by 26.8 kJ/mol. Because of the steric hindrance between the two benzene rings, the α and β angles are larger than for the E isomer. However, the value of α (76 • ) is significantly larger than β (13 • ), in agreement with the very small energy involved in the α twisting of the N-C 9 bond. To our knowledge, the experimental values of the α and β angles of the short-lived Z isomer are not available.
The calculated C 2 C 7 and N 8 C 9 bond lengths of the central moiety of NBA have similar values in both the E and Z isomers. The lengths of the N 8 C 9 (≈1.407 Å) and C 2 C 7 (≈1.483 Å) bonds indicate that these are essentially single bonds.
In the lowest S 0 transition structure, which is semi-linear, the C 2 C 7 bond keeps the same length, but the N 8 C 9 and the C 7 N 8 bonds become shorter. In particular, the C 7 N 8 bond appears to increase its double bond character.
At variance with S 0 , the T 1 optimized geometry is twisted, with θ = 94 • , and the values of α and β are small, 1 • and 8 • , respectively. Thus, the optimized geometry of T 1 coincides with the intermediate between the E and Z isomers along the torsion pathway. As expected, in T 1 the C9-N8 and C7-C2 bonds are shorter while the central N8-C7 bond is longer than in the ground state.
In Table 2 a number of vibrational frequencies of the E isomer, computed at the DFT-B3LYP level, are reported.
The scaled vibrational frequencies of torsion modes are small in agreement with the small energies associated with torsions (vide supra) and in analogy with the corresponding frequencies of stilbene [41] [42] [43] [44] . The frequencies involving mainly the N 8 -C 9 torsion (α) and the N 8 =C 7 torsion (θ ), which are associated with highly anharmonic potentials, are 38 and 57 cm −1 , respectively. The corresponding experimental values are not available. The computed CN and CC stretching frequencies are in agreement with the available IR and Raman spectra [39, 40] .
UV/Vis spectra
The vertical excitation energies of the lowest excited states of the E isomer computed using TD-DFT and DFT methods are presented in Table 3 . The calculated excitation energies of S 1 and S 3 singlet states are in qualitative agreement with the experimental values [8] , although they appear to underestimate the excitation energies by ca. 0.2 eV. However, it is worth noting that the experimental data are not clear-cut since they are derived from low-resolution absorption spectra measured in solution. The calculated oscillator strength of S 2 and S 4 are relatively small and this may explain the lack of these states in the assignment of the absorption spectrum.
For the T 1 and T 2 triplet states of NBA, the DFT and TD-DFT vertical excitation energies are 2.98 (287 kJ/mol) and 3.34 eV (322 kJ/mol), respectively. To the best of our knowledge, there are no S 0 → T i absorption spectra in the literature giving the vertical excitations. The only experimental information available pertains to the T 1 equilibrium energy and is obtained by measuring the rate constants of the NBA triplet quenching by a number of compounds of known triplet energy. The T 1 energy of NBA obtained in this way is about 230 kJ/mol or 2.38 eV [45] . Since the difference between vertical and equilibrium energies is about 0.5 eV in normal hydrocarbons, we believe that the DFT result represents a qualitatively good estimate of the T 1 energy.
Potential energy curves
The DFT/B3LYP potential energy curves along the inversion and torsion (φ and θ ) coordinates have been calculated by the constrained optimization technique. These results, reported in the subsections below, will shed some light on the pathways of the isomerization and photoisomerization process in NBA.
The inversion pathway
The inversion curves for S 0 and T 1 states were computed by constraining the φ angle (CNC) to fixed values and relaxing all other degrees of freedom. The curves are presented in Fig. 2 .
It can be seen that the semi-linear structure (φ = 180 • ) has a maximum in both S 0 and T 1 energy curves. Starting from these structures we searched for the transition state (TS) and E and Z isomer minimum structures. It was found that both singlet and triplet transition state structures are practically semi-linear (φ = 179 • ). Nevertheless, the values of the α dihedral angle differ significantly (89 • for S 0 , 67 • for T 1 ). Furthermore, the Z and E structures in T 1 do not correspond to minima on the potential energy surface as discussed below in the torsion pathway section. The most significant geometrical parameters of the semi-linear TS structures are reported in Table 4 .
From the DFT energies of E (0 kJ/mol) and Z (26.8 kJ/mol) isomers in S 0 and of the transition state (83.8 kJ) we find that the activation barrier of the Z-E isomerization via the inversion pathway is equal to 57 kJ/mol, a value somewhat lower than the energy found by Asano et al. [22] (68.5 kJ/mol) with a MP2/3-21G calculation and than the experimental estimate (70 kJ/mol) [18] . Considering the level of the calculation (HF-MP2/3-21G), the agreement between theory and experiment is noteworthy.
The barrier on the T 1 curve is very high and thus it prevents the photoisomerization on T 1 to occur along the inversion pathway.
The rotational pathway
The alternative rotational isomerization pathway of the S 0 and T 1 states was constructed as a series of constrained optimization keeping the CCNC torsion angle (θ ) at fixed values. The resulting energy curves are displayed in Fig. 3 .
In the case of S 0 we observe that, as the dihedral angle θ approaches 90 • , the optimized value of φ becomes 180 • , that is, the molecular structure becomes semi-linear. Precisely, in the interval θ = 65 • , . . . , 115 • the starting structures Table 4 DFT optimized energies (kJ/mol) and significant φ, α and β geometrical parameters (see Fig. 1 converge to the same semi-linear geometry (φ = 180 • ), which is 83.8 kJ/mol above the E structure. The pure rotational pathway for the isomerization has to overcome a much higher barrier (154 kJ/mol, see below). Therefore, in the S 0 state the molecule will not follow this pathway. A different picture is observed for the case of the triplet state T 1 . Unconstrained energy minimization gives a twisted structure without any significant increase of the φ angle, in which θ = 94 • and φ = 123 • . It is interesting to note that for θ < 30 • , close to the Z structure, the T 1 optimization gives a semi-linear structure. The T 1 energy minimum at the twisted geometry is 192 kJ/mol while the vertical triplet excitation energy of the E structure is 288 kJ/mol. These values bracket the experimental energy of T 1 , 230 kJ/mol [45] .
Potential energy surface of the isomerization process
To further clarify the features E-Z isomerization, we have calculated the ground state potential energy surface of NBA along the C=N torsion (θ ) and the CNC inversion (φ) The pure inversion path in S 0 corresponds approximately to the line connecting the Z and E isomers parallel to the φ axis and the pure rotational path corresponds to the line connecting the Z and E parallel to θ axis.
We see that pure inversion path crosses the iso-line corresponding to the semi-linear structure and is stable with respect to the optimization of the torsion coordinate. On the other end, the pure rotational path in S 0 encounters a very high barrier about 154kJ/mol, above the inversion transition state (83.8 kJ). This barrier corresponds to the breaking of the C=Nπ bond and to a biradicalic electronic structure: for this reason its sharp energy is probably overestimated by the DFT calculation (see for example the DFT calculation on azobenzene [23] ). The attempt to minimize the energy keeping θ = 90 • changes φ and leads the molecule to the semi-linear structure. Thus, even if the molecule may initially move along the rotation path at some stage it will switch to the inversion path.
While the high barrier found rules out the torsion mechanism in the S 0 state, it contributes to the decrease of the T 1 -S 0 energy gap and tends to shorten the T 1 lifetime for the energy gap law of radiationless transitions. This is in agreement with the experimental measure of τ (T 1 ) that indicates a quite short lifetime of <0.05 µs [43] .
Asano et al. [22] have suggested that E-Z inversion pathway is possible through planar and perpendicular transition states. These two transition structures differ by the value of the dihedral angle α . To investigate this aspect we have studied the potential energy surface in the (α , φ) coordinate space and the results are shown in Fig. 5 . The surface was constructed with DFT-RI/BP86/6-31G* method. Minima and saddle points were further optimized using DFT/B3-LYP/6-31G* method and vibrational analysis was performed to verify that the number of imaginary frequencies is correct.
We see from Fig. 5 that there is only one transition state (TS 1 ) possible between the Z and E isomer, and this corresponds to the perpendicular structure (α = 90 • ). Its geometrical parameters and energy correspond to those of the TS structure found on the inversion isomerization pathway. The structure corresponding to α = 0 • is a maximum in 
Role of excited states in the inversion pathway: TDDFT potential energy curves
To study the feasibility of photoisomerization of NBA in excited states, we have computed the potential energy curves (PECs) of the lowest excited states along the inversion pathway, which are obtained by adding the appropriate TD-DFT vertical excitation energies to the optimized DFT ground state energies. Therefore, these PECs are not optimized with respect to energy and can have only a qualitative meaning.
In Fig. 6 we report the PECs of the ground state and the two lowest excited triplet and singlet states. It can be noted that the energy of the T 1 PEC is much higher than the ground state PEC in agreement with the optimized PECs obtained by DFT and as shown in Fig 2. This rules out the possibility that thermal isomerization can occur via the lowest triplet, as found for azobenzene [23, 24] . The non-optimized TD-DFT curve is practically flat. Its qualitative character by itself cannot give clear indication about the possibility of isomerization in this state. However, the optimized T 1 PEC obtained by DFT shows a barrier at the inverted structure (see Fig. 2 ) and thus the photoisomerization in T 1 is very unlikely to occur via inversion. This process, as discussed above, takes place in T 1 along the torsion coordinate.
The PEC of S 1 has a minimum for the semi-linear geometry and, therefore, we expect that both the E-Z and Z-E photoisomerizations are feasible with appreciable yields. This agrees with experimental findings [19] , which show that the photoprocess occurs even at temperatures as low as 173 K.
More quantitative statements about quantum yields and excited state lifetimes would require consideration of the 
Conclusions
In this work we have presented the results of preliminary calculations of the properties of NBA isomers and of their thermal and photochemical inter-conversion. The main conclusions are as follows:
-The E-isomer of NBA has a non-planar structure, with the N-ring α angle of ca. 40 • , in agreement with previous work [11] . It is more stable than Z-isomer by 27 kJ/mol according to DFT approach, in agreement with the very low equilibrium ratio between the concentrations of the Z and E isomers: [Z]/[E] < 1% [19] . For this reason, it is difficult to characterize the Z form. -The DFT potential energy surface on θ and φ coordinates suggests that the CNC inversion is the preferred path for the Z-E ground state isomerization, in agreement with a previous study [22] . The optimized semi-linear TS along the inversion path shows a perpendicular phenyl and its calculated energy is 57 kJ/mol above the isomer Z, by the DFT calculation, in qualitative agreement with the experimental estimate (70 kJ/mol) [18] . -The DFT T 1 potential energy curves along the θ and the φ coordinates indicate that inversion is not the preferred path for the Z-E sensitized photo-isomerization in this state. This process appears to be very favoured along the torsion (θ ) coordinate, because the T 1 PEC has a rather deep minimum for θ = 90 • . This result is confirmed by the observation of sensitized photo-isomerization down to 200 K [19] . -The potential energy curves of the lowest excited singlet states along the inversion path have been calculated by the TDDFT method. The main finding concerns the S 1 PEC, which shows a minimum for φ = 180 • . This result suggests that the E-Z photoisomerization in S 1 is feasible, in agreement with the observations performed by Maeda and Fischer [19] down to the temperature of 173 K.
